Background: This study aimed to investigate the potential of diffuse optical spectroscopy (DOT) for monitoring the responses of patients with breast cancer to neoadjuvant chemotherapy (NAC).
Introduction
In recent years, neoadjuvant chemotherapy (NAC) has become an important treatment modality for patients diagnosed with locally advanced inoperable breast cancer because it can reduce the tumor burden and allow rapid assessment of drug susceptibility preoperatively. Patients with pathological complete response (pCR) to NAC are considered to have longer diseasefree survival than those without pCR. [1] Physical examination, mammography, ultrasound (US) scanning, and magnetic resonance imaging (MRI) are used to measure tumor size; however, the tumor size only changes at least after 3 cycles of therapy, and MRI is influenced by the histologic subtype and type of NAC. [2] All of these methods show low correlation with postsurgery pathological assessment of response. In a study of 41 patients, Schott et al [3] demonstrated that physical examination, mammography, US scanning, and MRI had sensitivities of 50%, 50%, 25%, and 25% when detecting pCR.
Diffuse optical spectroscopy (DOT) is a new diagnostic method that detects functional abnormalities and tissue activities by measuring the absorption and scattering of near-infrared light; in contrast to X-ray mammography, DOT is a nonionized, noninvasive, cost-effective technique that does not require breast compression or low breast compression. DOT can detect changes in tumor absorption within the first days after the treatment and thus could characterize breast tumor response to NAC at an earlier time than other modalities. [4] [5] [6] Previous studies [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] showed that DOT is a promising technique for identifying pathologic complete response (pCR) to NAC. However, the diagnostic performance of DOT varies, and it has not been subjected to multicenter studies with large samples. In the present study, we performed a meta-analysis based on current evidence to assess the potential of DOT for monitoring the responses of patients with breast cancer to NAC and establish an evidencebased recommendation for clinical practice.
Materials and methods
This study was conducted and reported according to the general guidelines recommended by the Primary Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) Statement. [16] Protocol review and informed consent from the patient were unnecessary because publicly available tabular data were analyzed. The study was registered in PROSPERO, an international registry for systematic reviews (Protocol number: PROSPERO 2018:CRD42018093266). A PRISMA checklist that indicates all items reported is found in Supplementary  Table S1 .
Search strategy
We searched PubMed, EMBASE, Cochrane Database of Systematic Reviews, and Web of Science computerized databases by using the following search terms: "diffuse optical spectroscopy" AND "breast cancer" AND "neoadjuvant chemotherapy." The search included all relevant studies and did not impose time limits or language restrictions. Two researchers (LBX and YB) independently screened studies for eligibility by reviewing their titles and abstracts by using predefined eligibility criteria. If the inclusion or exclusion criteria could not be decided based on the title and abstract, then full-text articles were retrieved and used to make decisions accordingly. Articles that were excluded were recorded with their corresponding characteristics and justification for exclusion. Full-text articles were searched for relevant references to include as additional studies. The inclusion of potential studies was validated by a second reviewer. Any disagreement was resolved by discussion among the reviewers. In addition, we manually searched the reference lists of relevant articles, reviews, and meta-analysis papers. The search was updated to include articles published until April 6, 2018.
Eligibility criteria for study selection
The full texts of articles were reviewed by 2 independent authors (YYF and ZBY). Articles were included if they met the following criteria: subjects who underwent DOT for monitoring responses to NAC, and studies that provided sufficient data to determine odds ratios (ORs) with 95% confidence intervals (CIs).
The following studies were excluded: nonoriginal research (e.g., reviews, comments, letters, and case reports), animal experimental studies, and duplication of same publications.
Data extraction
Two investigators (LBX and YFY) extracted data separately and compared the results. If divergence existed, then discussion with a third investigator was conducted to obtain final decision. After identifying overlapping reports on the same trial, we analyzed data from the most comprehensive report. The following data were extracted: authors, publication year, study design, setting, number of eligible patients, tumor subtypes, matched factors, adjusted confounding factors, methodologic quality of the study, confounding factors, percentage of patients achieving pCR or responses to NAC, NAC regimen, adjuvant chemotherapy, and clinical TNM stage. All mandatory data were extracted to fit cross-tabulations with true positives (TP)/false positives (FP)/true negatives (TN)/false negatives (FN) of the DOT results.
Quality assessment
The methodologic quality of the observational study was independently assessed by 2 reviewers (YFY and BYZ) according to the Quality Assessment of Diagnostic Accuracy Studies 2 tool (QUADAS-2) [17] for patient selection, index result, reference standard, and flow and timing of the study. The risk of bias was judged as follows: "low" if the answers to all signal questions for a domain were "yes"; "high" if any signal question in a domain was "no;" or "unclear" if insufficient information was provided. Concern about applicability was evaluated as "low," "high," or "unclear" with similar criteria.
Statistical analysis
All statistical analyses were conducted using STATA version 14.0 (Stata Corporation, College Station, TX). Pooled ORs with 95% CIs were calculated as summary statistic for dichotomous variables. Heterogeneity in each study was evaluated based on Cochran's Q statistic and I 2 index. The random-effects model (DerSimonian and Laird method) was applied when P < .10 and/ or I 2 index > 50%. Otherwise, the combined estimates were shown with the fixed-effects model. Heterogeneity was quantified using I 2 and classified as low (I 2 < 25%), moderate (I 2 25%-50%), high (I 2 50%-75%), or extreme (I 2 > 75%). The sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) were pooled to estimate the prediction power of DOT for monitoring the responses of patients with breast cancer to NAC. To evaluate the influence of single studies on the pooled ORs, we performed a sensitivity analysis by estimating the average OR in the absence of each study. We assumed pretest probabilities of 25%, 50%, and 75% and calculated the corresponding positive and negative posttest probabilities. Publication bias was qualitatively assessed by visual inspection of the funnel plot asymmetry and quantitatively assessed by Begg's funnel plot. Trim-and-fill method was used to determine the effect of potential publication bias on the pooled estimates. All reported probabilities were 2-sided, and values at P < .05 were considered statistically significant.
Results

Study selection
A complete flow diagram of study selection is provided in Fig. 1 . A total of 542 relevant studies were retrieved from the search. After evaluation, 3 duplicate studies were excluded and 512 studies were excluded due to lack of eligible abstracts. Twenty-six full-text studies were retrieved for further assessment, and 16 were excluded because of ineligible date. Finally, 10 studies were included in the systematic review.
Characteristics of the included studies and patients
The baseline characteristics of the included studies and patients are presented in Tables 1 and 2 , respectively. Of the 10 included studies, seven were performed in North America and 3 were conducted in Asia. Four studies used total hemoglobin Liu et 
Medicine concentration, 3 studies used deoxygenated hemoglobin, one study used oxygenated hemoglobin, one study used oxygen saturation, and one study used blood content for measurement of patient response to NAC. The number of patients ranged from 14 to 88, with a total of 422 patients.
Quality assessment
The distribution of QUADAS-2 scores of the methodologic quality (i.e., risk of bias and concerns regarding applicability) of every included study is presented in Supplemental Fig. S1 , http:// links.lww.com/MD/C541. The majority of the studies were assessed as having a low risk of bias and minimal concerns regarding applicability. Common weaknesses related to uncertainties regarding consecutive sample of the patients were considered.
Pooled measures of diffuse optical tomography for monitoring patient response to NAC
The pooled data showed that DOT exhibited high predictive performance for monitoring NAC (OR = 14.78, 95% CI: 8.23-26.54, P < .001), with low heterogeneity (I 2 = 7.2%, P = .375; Fig. 2 ). The pooled sensitivity and specificity were 0.84 (95% CI: 0.77-0.88) and 0.77 (95% CI: 0.63-0.87), respectively (Fig. S2, http://links.lww.com/MD/C541). In addition, the pooled PLR, NLR, and DOR for NAC were 3.6 (95% CI: 2.1-6.1), 0.21 (95% CI: 0.15-0.31), and 17 (95% CI: 8-37), respectively. The area under the hierarchical SROC curve was 0.84 (95% CI: 0.81-0.87), which indicated high predictive accuracy (Fig. 3) .
Subgroup analysis showed that the pooled sensitivity of DOT for monitoring pCR to NAC was 87%, and the pooled specificity was 70%. The pooled sensitivity of DOT for monitoring pCR and partial response to NAC was 82%, and the pooled specificity was 82%.
All studies were sequentially removed to evaluate the effect of an individual study on the pooled ORs (Fig. 4) Table 2 Key parameters extracted from the included studies.
First author
Response Definition Lesions, n TP, n FP, n FN, n TN, n Sensitivity Specificity
Cerussi A [7] Maximum axis decreased > 50% [12] Tumor cells decreased > 30% 37 23 1 4 9 0.865 0.890 Gunther JE [13] Tumor lesion disappeared completely 34 12 5 1 16 0.923 0.762 Yu YH [15] Tumor size decreased > 50% 20 10 1 3 6 0.769 0.857 Zhi WX [6] Tumor size decreased > 30% value of DOT for monitoring total response to NAC. Hence, the pooled ORs were not significantly affected by individual study. Likelihood ratios and posttest probabilities are relevant for clinicians. The Fagan plot analysis demonstrated that when pretest probabilities were 25%, 50%, and 75%, the positive posttest probabilities were 55%, 78%, and 92%, respectively, and the negative posttest probabilities were 7%, 18%, and 39%, respectively (Fig. 5) .
Assessment for publication bias
The Begg test funnel plot asymmetry test indicated slight asymmetric distribution of publication bias (P = .049; Fig. 6  A) . "trim-and-fill method" was then used to elucidate the possible effects of bias on the pooled analysis. As shown in Fig. 6B , the imputed analyses generated a symmetrical funnel plot after filling 5 hypothetical missing studies.
The adjusted fixed-effects pooled OR of 8.119 (95% CI: 4.725-13.951, P < .001) calculated using trim-and-fill method was consistent with the original analysis (OR = 14.78, 95% CI: 8.23-26.54, P < .001).
Discussion
In this meta-analysis, we obtained all published papers that evaluated the prognostic ability of DOT for monitoring the responses of patients with breast cancer to NAC. The metaanalysis of the available published data indicated the high predictive performance of DOT for monitoring total patient response to NAC (OR = 14.78, 95% CI: 8.23-26.54, P < .001) and its low significant heterogeneity (I 2 = 7.2%, P = .375). The estimated sensitivity was 84% (and range of 73.7-100% for the component studies) for patient response to NAC. Hence, DOT could be a suitable and sensitive alternative to pathological examination when necessary. However, the pooled estimate of specificity was 77%, and the homogeneity test of specificity indicated notable heterogeneity (I 2 = 74.13%, P < .001). The differences in the choice of a diagnostic threshold for a positive test result might be a source of heterogeneity. Most studies included in the present analysis set a threshold but did not prespecify it; as such, radiologists possibly reported the equivocal findings as positive (to maximize sensitivity). Given this threshold effect, ROC curve and AUC analyses are more insightful approaches than evaluation of pooled sensitivity and pooled In this study, Fagan plot analysis was used to explore the clinical application of DOT for monitoring patients' responses to NAC. At a pre-test probability for responses of 25% (low clinical suspicion), the posttest probability of malignancy with a negative DOT result was 7%, which could be considered sufficient to rule out responses to NAC. At a pre-test probability for responses of (A) Pretest probability = 25%; (B) pretest probability = 50%; (C) pretest probability = 75%. Each Fagan plot contains a vertical axis on the left for the pretest probability, an axis in the middle that represents the likelihood ratio, and a vertical axis on the right that represents the posttest probability. NLR = negative likelihood ratio, PLR = positive likelihood ratio.
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Medicine 50% (worst-case scenario), the posttest probabilities of the responses with positive and negative DOT results were 78% and 18%, respectively, which indicated the usefulness of the test. At a pretest probability for responses of 75% (high clinical suspicion), the posttest probability of the responses with a positive DOT result was 92%. A positive DOT result could be considered sufficient for predicting existing responses. Therefore, DOT measurements possessed a good rule-in value and a moderate rule-out value for predicting patients' responses to NAC. Measured optical properties can be converted into tissue microstructure and biochemical composition parameters, such as oxygenated hemoglobin (ctO2Hb), deoxygenated hemoglobin (ctHHb), relative oxygen saturation, relative oxygen desaturation, water percentage (ctH2O), lipid percentage, scattering power, scattering amplitude, and tissue optical index. Cerussi et al [7] quantitatively measured the concentrations of ctHHb, ctO2Hb, (ctH2O), and lipids in centimeter-thick tissues. The best single predictor of therapeutic response 1 week posttreatment was ctHHb (83% sensitivity, 100% specificity), and the discrimination analysis based on combined ctHHb and ctH2O changes classified responders versus nonresponders with 100% sensitivity and specificity. However, the major drawback was that the measured optical parameters differed across studies. As such, the result has not been prospectively validated in an independent cohort.
The Begg test funnel plot asymmetry test indicated significant publication bias among the studies, suggesting that the findings should be interpreted cautiously. The small number of included studies and with the low numbers of patients within some of the studies may have resulted not only in large CIs but also in publication bias. Future large-scale studies are required to evaluate the prediction efficacy of DOT for monitoring patient responses to NAC.
Our meta-analysis presents several limitations. First, similar to other meta-analysis and systematic reviews, the conclusions drawn from the data are subject to the limitations of the included original articles themselves. These study designs possess inherent strengths and weaknesses that affect the interpretation of the results. Second, publication bias exists in our study. Although we chose to include all the data from the full-text studies and abstracts and even used trim-and-fill method to confirm the results, some negative data that were possibly omitted may have influenced the results. Third, heterogeneity could not be fully eliminated in the analysis and was found in tumor stage, age distribution, and cut-off value of the NLR.
Conclusion
In summary, this meta-analysis demonstrates that DOT has adequate and clinically acceptable predictive values for detection of patient responses to NAC.
